may also affect the efficacy of the product. So far, even for some of the most popular botanicals, little is known about their pharmacological or toxicological profiles. All of these limitations cause great difficulty in identifying the individual components that can represent the pharmacological activity and be used for the evaluation of release properties of botanical products.
Different countries have different regulatory guidelines for dissolution testing of botanical products. Since 2000, the European Pharmacopoeia has introduced three classes of plant extracts based on knowledge of the composition of the herbal medicinal products and how well the relationship of composition to activity is known. These are "standardized" extracts, "quantified" extracts, and "other" extracts (3) . Standardized extracts are herbal preparations whose active moiety has been definitely identified and adjusted to a given content; examples include Senna and Belladonna extracts. Quantified extracts refer to those products in which there is a defined, realistic range of constituent(s) that are accepted to contribute to activity; examples include Ginkgo and St. John's wort extracts. Other extracts are products for which no individual active component has been identified, for example, Extr. Valerianae and Extr. Echinaceae. Generally, botanical products made from quantified extracts and other extracts need not undergo dissolution testing as long as they are formulated as immediate-release products. botanical products made from standardized extracts, dissolution testing is required in Germany. However, European Medicinal Evaluation Agency (EMEA ) proposed that a disintegration test may substitute for a dissolution test if the active ingredient is known to be highly soluble in aqueous solution at pH values typical of the gastrointestinal tract (4). Clearly, one could argue that whenever the components that contribute to the activity have been identified, dissolution testing can and should contribute to the product quality evaluation. This means that dissolution testing would be appropriate for botanical products made from standardized extracts and quantified extracts. Feverfew is a typical example of a quantified extract. As a botanical that has a long history of use in Europe, feverfew has become more and more popular in America and is ranked among the top twenty selling herbs in North America (5) . Feverfew is believed to be useful in preventing migraine headaches and treating rheumatoid arthritis. Like most botanicals, feverfew is quite complex chemically and contains several potentially active components, such as the sesquiterpene lactones, flavonoid glycosides, sesquiterpenes, and monoterpenes. However, only parthenolide, the most abundant sesquiterpene lactone, is currently considered to be the primary active component. The effect of other components has not yet been determined (6) .
In monographs of feverfew, the most important standard for quality control is the level of parthenolide (not less than 0.2% in USA, UK, and Canada, and 0.1% in France) (6) . Daily doses of feverfew are not clearly defined in USP; however, the feverfew monograph in Canada suggests a daily dose of 50-250 mg feverfew dried leaf containing at least 0.2% parthenolide and not exceeding the equivalent of 4 mg parthenolide per day (7) .
To date, research on the quality of feverfew products has been focused on their parthenolide content. The wide variation among brands and large differences between actual content and label claims of parthenolide in feverfew have been frequently reported in published papers (8) (9) (10) . However, there are no reports on the disintegration and dissolution performance of feverfew products. The objective of this study is to develop a suitable dissolution test for feverfew products and then use it as part of a comparative evaluation of the quality of several commercial feverfew products.
Reagents and Samples
Parthenolide (97% purity) was purchased from EMD Biosciences, Inc. (San Diego, CA). Five feverfew products were purchased from pharmacies in the Baltimore area. Their characteristics are described in Table 1 . One powdered feverfew extract (Amax, Eugene, OR) was used for the development of the dissolution method.
HPLC-grade acetonitrile (Burdick & Jackson, Muskegon, MI); potassium phosphate, monobasic (Sigma Chemical Co., St. Louis, MO); reagent-grade phosphoric acid 85% (J. T. Baker, Phillipsburg, NJ); and HPLC-grade alcohol and methanol (E.M. Science, Gibbstown, NJ) were used. All water was purified using an in-house Milli-Q system (Millipore, Milford, MA).
Methods

Sample Preparation for Parthenolide Content Assay
Ten capsules of each product were weighed individually before and after emptying the capsule shell to calculate the weight of feverfew content (total weight-shell weight). The contents of these 10 capsules were combined and ground with a mortar and pestle until homogenous. An accurately weighed amount (250 mg) of the powder was added to a 25-mL volumetric flask, and 20 mL of 50% ethanol was added. After the mixture was sonicated for 30 min at room temperature, the final volume was brought to 25 mL with 50% ethanol. An appropriate volume (≈ 2 mL) was passed through a 0.45-µm PTFE filter. The first milliliter was discarded, and the remaining filtrate was collected in a brown sample vial for HPLC analysis. The extraction procedure mentioned above and the following HPLC analytical conditions were developed and validated previously in our laboratory (11). 
HPLC Analysis of Parthenolide in Feverfew
The HPLC system was equipped with a Hitachi L-7100 pump, L-7250 auto-sampler, and L-7400 UV detector. Separation was accomplished on a Gemini C18 column, 150 × 4.6 mm i.d., 5-µm particle size with a Security Guard cartridge system (Phenomenex, Torrance, CA). Chromatographic data were processed with D-7000 HPLC system manager software (Merck/Hitachi). Quantitation was performed using parthenolide as an external standard. All injections were performed in triplicate unless otherwise stated.
The mobile phase, consisting of solvent A (10 mM NaH 2 PO 4 in H 2 O, adjusted to pH 3.0 with phosphoric acid) and solvent B (acetonitrile), was degassed with helium. The flow rate was 1.5 mL/min with a linear gradient as in Table 2 , and UV detection was carried out at 210 nm. The column temperature was maintained at 25 °C during all determinations.
For dissolution testing, the method was validated over the range of 0.36-9 µg/mL parthenolide, and the injection volume was 30 µL. For general sample assay, the method was validated over 3.6-90 µg/mL parthenolide, and the injection volume was 10 µL.
Dissolution Medium Selection and Optimization
A single feverfew extract was selected for evaluation. To determine the effect of pH on the dissolution of parthenolide, 1.5 g of feverfew was placed in several 15-mL centrifuge tubes, and 4 mL of 0.1 M buffer (pH 3, 5, and 7) was added to each tube. The tubes were shaken for 24 h at 37 °C, and then centrifuged at 3000 rpm for 5 min. The filtered supernatant was taken for HPLC analysis.
To determine the effect of pH on the extraction efficiency of parthenolide, samples were extracted as described in sample preparation above, except that buffers with different pH values (3, 5, and 7) replaced 50% ethanol as the extraction solvent.
In order to optimize the concentration of sodium dodecyl sulfate (SDS) used in dissolution testing, different amounts of SDS (0.5%, 1%, and 2%) were added to water as an extraction solvent. All other procedures were the same as described above in sample preparation.
Dissolution Testing
Dissolution testing was conducted using USP Method I (basket apparatus) (VanKel VK7000, VanKel Industries, Edison, NJ) at a temperature of 37 ± 0.5 °C. Hydrodynamic conditions were standardized at 100 rpm and 500 mL medium for each test. For each product under each dissolution condition, three tests were run in parallel, one capsule in each vessel in each test. Samples (2 mL) were withdrawn at 5, 10, 20, 30, 45, 60, and 120 min and replaced immediately with prewarmed medium. Samples were filtered with a 0.45-µm PTFE filter as mentioned above for HPLC analysis.
Disintegration Testing
The apparatus complied with the USP standard. One capsule and a disk were placed in each of six tubes of the basket assembly using 0.05 M acetate buffer (pH 4.5 ± 0.05) maintained at 37 ± 2 °C as the immersion fluid. The disintegration time for each capsule was recorded. Capsules were considered completely disintegrated when only fragments of the capsule shell were left in the basket.
Statistical Analysis
Where appropriate, Student t-test or analysis of variance (ANOVA) was used to compare the data. The data were considered to be significant when p < 0.05.
Results and Discussion Parthenolide Content of Five Feverfew Products
As shown in Table 1 , feverfew products are present in the market mainly as capsules. Feverfew powdered crude parts, excipients, or other botanical extracts may be combined into a feverfew formulation. Results shown in Table 3 demonstrate that most of the products cannot reach the 0.2% USP minimum requirement. However, current USP monographs for feverfew only apply to feverfew raw material and powdered raw material (1), and the presence of any additional excipients may be expected to lower the overall parthenolide percentage in the finished product. Because all products stated the amount of standardized parthenolide extract used, we calculated the claimed parthenolide content and compared that with the actual parthenolide content . It was found that actual parthenolide contents were far less than their label claims. One product even contained no detectable parthenolide. This product was excluded from the following dissolution study. The dosage instructions on product labels vary from one to four units daily. According to product label claims, the suggested daily dose of feverfew can provide 1050-5000 µg parthenolide. One product, P4, suggests a daily dose equivalent to 5000 µg parthenolide, which exceeds the maximum daily dose recommended by the Canadian feverfew monograph. The actual daily doses of parthenolide calculated from the assays varied from 0 to ≈ 1600 µg among the products, which indicates that in spite of the low parthenolide content of feverfew products in the current market, most of them still provide the required minimum amount of parthenolide.
Dissolution Testing Specification Development
In vitro dissolution specifications are established to ensure batch-to-batch consistency and to signal potential problems with in vivo bioavailability. The setting of dissolution specifications for a new chemical entity should be based on a consideration of the biopharmaceutical characteristic of the drug substance such as pH solubility profile, pK a , and permeability (12) . The Biopharmaceutics Classification System (BCS) category of a drug, which includes both solubility and permeability, can be used to predict the likelihood of a successful in vitro-in vivo correlation (IVIVC) (13) . A good IVIVC is most likely available for low solubility-high permeability drugs. According to Khan et al. (14) , parthenolide can be effectively absorbed through the intestinal mucosa via a passive diffusion mechanism.
The pH-solubility profile is also directly related to the selection of the dissolution medium. It is desirable that the volume of the dissolution medium be sufficient to ensure a reasonable approximation of sink conditions, often assumed if the test volume is 5-10 times the saturated volume (15) . Based on our data (not included here), parthenolide is very unstable under extreme acidic or basic conditions. Thus, a pH range of 3-7 was selected to determine the effect of pH on the solubility of parthenolide in feverfew. From Figure 1 it can be seen that parthenolide dissolves out of feverfew extract more readily under neutral conditions. However, this pH effect is not very large. Even under the worst condition (a dissolution medium of pH 3), the solubility of parthenolide in feverfew is more than 120 µg/mL. Generally, a drug is considered to be highly soluble if its highest unit dose can be dissolved in 250 mL of buffer in the pH range of 1-8. Our data proved that at least 30 mg parthenolide can be dissolved in 250 mL medium, which is much more than the maximum daily dose defined by the Canadian feverfew monograph. This observation indicates that the parthenolide in feverfew is highly soluble, and sink conditions are readily approximated. 4 Daily dose based on actual unit strength and recommended unit/day However, the solubility of parthenolide in feverfew found in this study is not necessarily the intrinsic solubility of pure parthenolide. Even a small amount of impurity can affect the solubility of the pure compound. Here, parthenolide generally accounts for less than 1% of feverfew. On one hand, the dissolution of other compounds, especially hydrophobic compounds, could affect the polarity of the dissolution medium and thus improve the solubility of parthenolide in the medium. On the other hand, the interaction between parthenolide and other compounds may interfere with the release of parthenolide out of feverfew. Smith and Burford (16) proposed that parthenolide was present at different sites in the feverfew plant matrix. Some are "free" parthenolide on the surface, which are readily dissolved, but in other sites, the parthenolide may be more tightly bound and would require the addition of a modifier to be released. This indicates that even a sink condition does not necessarily guarantee complete dissolution. Figure 2 shows a comparison of the extraction efficiency of different media using 50% ethanol as control. It can be seen that under the present extraction conditions (250 mg feverfew containing ≈ 0.2% parthenolide extracted by 25 mL medium), the extraction efficiency of 50% ethanol is significantly higher than that of the aqueous buffers even though the solubility of parthenolide in each extraction medium is sufficient to ensure a complete dissolution. This suggests that the addition of surfactant may be necessary for setting a suitable dissolution condition for feverfew products. As shown in Figure 3 , the addition of 0.5% sodium dodecyl sulfate (SDS) can lead to the same extraction efficiency as 50% ethanol/water; higher levels of SDS cannot further improve the extraction efficiency. In Figure 4 , the dissolution profile of one commercial feverfew product (P1) in water is compared with or without the addition of SDS. In water, this product could not reach 85% dissolution even after 2 h. However, with the addition of 0.5% SDS, more than 85% dissolution was achieved in 30 min. This indicates that 0.5% SDS may be a suitable component of media for dissolution testing of feverfew products. 
Dissolution Performance of Several Commercial Feverfew Products
Based on the data in Table 4 , there are substantial differences in the release profiles of the four products, although they can reach more than 85% dissolution in 1 h. In the first 10 min, one product releases more than 80%, but dissolution from the two other products cannot be detected at all during that time.
Differences in the dissolution profiles could result from disintegration, formulation composition, and hydrodynamic differences among experiments. Dissolution parameters such as medium volume and stirring rate were identical for all tests, thus minimizing hydrodynamic differences. Disintegration differences may partly explain the differences in dissolution performance. As shown in Table 5 , the order of disintegration time is P1 < P4 < P2 < P3. Although the order of disintegration matches the order of release rate, the disintegration difference between the most rapid and the slowest among them is less than 4 min, which cannot completely explain the 10-min release lag of P2 and P3.
Excipients in the formulation could influence solubility and wettability of the matrix. De Souza et al. (17) studied the influence of excipients on the dissolution profiles of Maytenus ilicifolia tablets and found that the release from formulations containing lactose occurred much faster than from cellulose formulations, which is attributed to the differences in excipient solubility, tablet hardness, and water uptake capacity. Based on the information in Table 1 , apparently P1 and P4 only contained feverfew extract or feverfew powder, while P2 and P4 combined excipient and P4 even contained vitamins and other botanical extract. The interaction between parthenolide and other components in the formulation may be a cause for slower parthenolide release. In addition, the nature of the dry extracts used to manufacture the products could play a very important role in this case. The ratio between "free" and "bound" parthenolide, the composition of inactive components, and the particle size of dry extracts are all factors that possibly could affect the release rate of finished products.
The solubility data presented in this paper, together with information on parthenolide absorption published by Khan et al. (14) (discussed above), suggest that parthenolide is a high solubility-high permeability compound. Since, in this case, absorption is likely to be limited by gastric emptying rather than dissolution rate, an IVIVC is not expected. Accordingly, the utility of a dissolution test for feverfew products would most likely be to help ensure batch-to-batch consistency. The significantly different release profiles we found among feverfew products from different manufacturers indicate that the dissolution method developed here has enough discriminatory power to resolve manufacturing differences and been fully validated.
EMEA proposed that if active components of standardized extracts are known to be highly soluble throughout the physiological pH range, a disintegration test may substitute for the dissolution test so long as they are formulated as immediate-release products. The existence of a release lag in our study suggests that this substitution needs to be considered case-by-case. The active components of botanicals exist in very complicated environments that may decrease the correlation between disintegration and dissolution. Formulation and manufacturing variables may also adversely affect release characteristics. A release lag has been observed for other botanical products. For example, Westerhoff et al. (18) studied the release performance of St. John's Wort products and found a lag time of about 1 h for the release of rutin and hyperforin from one of five products studied. Disintegration time was not studied in that paper. However, if the relationship between disintegration and 
Conclusion
The commercial feverfew products studied exhibited a wide range in parthenolide content per dosage unit. One product contained no detectable parthenolide. The remaining products tested provided various parthenolide contents and showed large differences between actual parthenolide content and their label claims. Disintegration and dissolution need not necessarily be a major problem for feverfew products because all tested products containing parthenolide were found to disintegrate within 20 min and exhibit more than 85% dissolution in 1 h. However, dissolution profiles were substantially different among them, with two products exhibiting about a 10-min lag time. Patients should be cautious when they change from one brand to another. Manufacturers should commit to proper quality control procedures that ensure accurate and realistic label claims for content and dose. Formulations should be designed to provide rapid, consistent release characteristics.
